Gene expression-based prediction of genomic copy number aberrations in the chromosomal region 12q13 to 12q15 that is flanked by MDM2 and CDK4 identified Wnt inhibitory factor 1 (WIF1) as a candidate tumor suppressor gene in glioblastoma. WIF1 encodes a secreted Wnt antagonist and was strongly downregulated in most glioblastomas as compared with normal brain, implying deregulation of Wnt signaling, which is associated with cancer. WIF1 silencing was mediated by deletion (7/69, 10%) or epigenetic silencing by promoter hypermethylation (29/110, 26%). Co-amplification of MDM2 and CDK4 that is present in 10% of glioblastomas was associated in most cases with deletion of the whole genomic region enclosed, including the WIF1 locus. This interesting pathogenetic constellation targets the RB and p53 tumor suppressor pathways in tandem, while simultaneously activating oncogenic Wnt signaling.
Gene expression-based prediction of genomic copy number aberrations in the chromosomal region 12q13 to 12q15 that is flanked by MDM2 and CDK4 identified Wnt inhibitory factor 1 (WIF1) as a candidate tumor suppressor gene in glioblastoma. WIF1 encodes a secreted Wnt antagonist and was strongly downregulated in most glioblastomas as compared with normal brain, implying deregulation of Wnt signaling, which is associated with cancer. WIF1 silencing was mediated by deletion (7/69, 10%) or epigenetic silencing by promoter hypermethylation (29/110, 26%). Co-amplification of MDM2 and CDK4 that is present in 10% of glioblastomas was associated in most cases with deletion of the whole genomic region enclosed, including the WIF1 locus. This interesting pathogenetic constellation targets the RB and p53 tumor suppressor pathways in tandem, while simultaneously activating oncogenic Wnt signaling.
Ectopic expression of WIF1 in glioblastoma cell lines revealed a dose-dependent decrease of Wnt pathway activity. Furthermore, WIF1 expression inhibited cell proliferation in vitro, reduced anchorage-independent growth in soft agar, and completely abolished tumorigenicity in vivo. Interestingly, WIF1 overexpression in glioblastoma cells induced a senescence-like phenotype that was dose dependent. These results provide evidence that WIF1 has tumor suppressing properties. Downregulation of WIF1 in 75% of glioblastomas indicates frequent involvement of aberrant Wnt signaling and, hence, may render glioblastomas sensitive to inhibitors of Wnt signaling, potentially by diverting the tumor cells into a senescence-like state.
Keywords: epigenetic silencing, glioblastoma, senescence, tumor suppressor gene, WIF1, Wnt pathway. G lioblastoma is the most malignant primary brain tumor with a median survival of only 15 months despite modern therapy comprising surgical resection followed by combined radiochemotherapy. 1 Thus new avenues need to be explored. High-throughput genomic data derived from human glioblastomas are readily available for analyses aiming at uncovering hitherto unrecognized disease mechanisms suitable as drugable targets, or identifying biomarkers for response to therapy. However, extracting relevant and reliable information from such data is not trivial. 2 Target gene identification in tumor tissue is often complicated by (1) broad genomic copy number aberrations (CNAs), (2) multiple mechanisms of activating and inactivating genetic and epigenetic alterations, and (3) the complexity of pathway regulation. Further, the measurements may be confounded by contaminating nontumoral cells or the molecular heterogeneity of the tumor. Thus hidden tumor characteristics may only be unveiled with a multidimensional approach. 3, 4 Here we aimed at identifying and validating functionally new candidate genes relevant for the malignant behavior of glioblastoma. Since gene expression reflects both gene dosage effects by genomic CNAs and epigenetic modulation, we interrogated gene expression profiles derived from glioblastomas of patients treated within clinical trials 5 -7 to infer underlying molecular changes. In the present study we focused on the chromosomal region on chromosome 12 (12q13 to 12q15) flanked by MDM2 and CDK4 that are known to be co-amplified in approximately 10% of glioblastomas, while the region in between is generally not amplified, 8 hence potentially indicating the presence of a tumor suppressor gene.
Indeed, by combining gene expression data with data from genomic copy number analysis, we identified Wnt inhibitory factor 1 (WIF1) as a new candidate tumor suppressor gene involved in glioblastoma. This gene encodes a secreted Wnt antagonist sequestering secreted Wnt proteins 9, 10 and is thus predestined as a candidate tumor suppressor. The interaction of WIF1 with Wnt ligands blocks their binding with the cell surface cognate receptor downregulating activation of the pathway. Hence, loss of WIF1 expression is expected to aberrantly activate Wnt signaling, which is associated with cancer. CpG island hypermethylation of the WIF1 promoter as silencing mechanism has been described in several epithelial cancers 11, 12 and more recently also in glioma where it seems to be associated with tumor grade. 13 Here we are reporting the tumor suppressing properties of WIF1 in in vitro and in vivo models of glioblastoma and propose a mechanism of action.
Materials and Methods

Glioblastoma Tissues
Glioblastoma tissues were collected for translational research with informed consent of the patients. The protocols were approved by the local ethics committees.
Prediction of Genomic Copy Number Amplifications in Glioblastoma by a Hidden Markov Model
The glioblastoma micro-array gene expression data obtained in our laboratory on Affymetrix HG-133 Plus2.0 GeneChips (Gene Expression Omnibus database at http://www.ncbi.nlm.nih.gov/geo/, accession number GSE7696) 5 were used for amplification prediction. Probe sets were filtered to exclude those with low variance, suggestive of no or constant expression of the gene. For each gene with multiple probe sets, only the one with the highest variance was retained. Input to a hidden Markov model (HMM) as observed sequences were genewise-mean-centered, the log-scale robust multi-array average normalized expression data ordered by their positions on a chromosome (http://genome.ucsc.edu/; 2004 freeze) and discretized into 8 levels of expression intensity. The HMM had 2 hidden states: The "normal" state modeled the typical distribution, while the "activated" state modeled a distribution typical for highly amplified regions, which is shifted toward higher values. It generated for each sample and chromosome a matrix of posterior state probabilities at each of the measured loci.
HMM Training
The emission probabilities of the HMM were based on frequencies of the discrete levels of expression as estimated from gene expression data for all genes from a large breast cancer sample population profiled with Affymetrix U133A chips ("normal" state) respectively from data subsets for genes in regions around the ERBB2 gene that by statistical examination of the gene expression data were considered amplified ("activated" state). A dozen of these calls were tested by reverse transcription PCR and the status of all those tested was confirmed. High posterior probabilities for the activated state are obtained for probe sets in regions where amplifications or another cause results in higher average expression of contiguous genes. In breast cancer and in glioblastoma, the method identified primarily activated regions known from the literature to be subjected to high degree amplifications (unpublished observation). Transition probabilities were estimated so that a posterior probability of 0.5 was a useful cutoff to identify amplified regions. Posterior state probabilities were computed using the Markov Modeling Tool (MAMOT) program 14 with a manually curated model parameter file.
DNA Isolation, Methylation-Specific PCR
Genomic DNA was isolated from paraffin-embedded or fresh frozen tissue and subjected to bisulfite treatment using the EZ DNA Methylation Kit (Zymo Research) followed by nested methylation-specific PCR (MSP), as described previously. 15 During the bisulfite treatment, unmethylated cytosine, but not its methylated counterpart, is converted into uracil. MSP for WIF1 was performed via a nested approach using published primer sequences. 12 Peripheral blood lymphocytes and the colon cancer cell line SW48 were employed as the WIF1 methylation negative and positive controls, respectively.
RNA Isolation and Reverse Transcription PCR
Total RNA was extracted using the RNeasy total RNA extraction kit (Qiagen), and cDNA was synthesized using Superscript RT II (Invitrogen). PCR was performed with gene-specific primers for WIF1.
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POLR2A expression was assayed to control for mRNA integrity using published primers. 16 Real-time quantitative PCR was performed with Fast SybR Green Master Mix (Applied Biosystem) using the Rotor Gene 6000 Real-Time PCR system (Corbett Life Science). PCR reactions were run as triplicates. The temperature profile was as follows: 958C (100 s) followed by 40 cycles at 958C (3 s) to 608C (20 s). The quality of the products was controlled by the melting curve. Transcript levels were normalized against human GAPDH.
17
WIF1 primers: Forward:
′ . AXIN2 primers. 18 
Glioblastoma Cell Lines
Glioblastoma cell lines LN18, LN229, LN235, LN319, LN401, LN992 were established in our lab, and U87MG was obtained from the American Type Culture Collection (ATCC). All glioma cell lines have been characterized for a defined set of molecular aberrations in our lab, as published previously, 19 and were controlled by DNA fingerprinting as described. 20 The nonsmall cell lung carcinoma cell line A549 and the colon carcinoma cell line SW48 were obtained from ATCC. All lines were cultured in Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 5% fetal calf serum (Hyclone) and 100 units/mL penicillin, 100 units/mL streptomycin (Invitrogen). For global demethylation of DNA, glioblastoma cell lines were treated with 5 mM 5-aza-2 ′ -deoxycytidine (Sigma-Aldrich Chemie) for 96 h, with 24-h medium renewal. 21 
Plasmids and Small Interference RNAs
The Wnt/b-catenin activity luciferase reporter vectors TOP5 and FOP5 comprise T-cell factor (TCF)/ b-catenin responsive elements that express synthetic firefly luciferase from a PGL4.10 backbone with a minimal TATA box with 5 concatenated TCF binding sites and 5 mutated binding sites, respectively (a generous gift of Dr M. van de Wetering). 22 The pRL CMV Renilla luciferase (Promega AG) plasmid was used to normalize for transfection efficiency. The WIF1 expression vector and its empty control pcDNA3.1 vector were generous gifts from Professor Qian Tao, Cancer Center, Chinese University of Hong Kong. 23 To generate the stably transfected clones in the LN229 cell line, WIF1 was subcloned into the vector pIRES2-EGFP (Clontec). WIF1 knockdown was achieved using small interference RNAs (siRNAs; ON-TARGET plus SMART pool, Dharmacon RNA Technologies) targeting 3 domains of the WIF1 RNA, and the control experiments were performed with the corresponding ON-TARGET plus nontargeting pool. For Wnt pathway activity reporter assays, cells were transfected with 0.25 mg of either of TOP5 or FOP5 and 5 ng of Renilla pRL CMV luciferase construct, and incubated at 378C for 28 h. Subsequently the firefly and Renilla luciferase activities were measured using Dual-Luciferase Reporter assay reagents (Promega). The Renilla luciferase activity was used to normalize for transfection efficiency. The Wnt pathway-specific activity status was determined by the TOP5/FOP5 ratio. A TOP5/FOP5 ratio significantly higher than 1 was considered as an active Wnt pathway. The cell line A549 served as positive control. 24 These experiments were performed in triplicate and were replicated 2 or 3 times independently. Modulation of the Wnt pathway in established cell lines was effectuated by cotransfection of corresponding plasmids or siRNAs. In these experiments, Wnt pathway activation status was assessed 72 h post transfection. For stable transfections, cells were transfected either with the WIF1 expression vector or a control vector followed by selection with G418. Resistant clones were selected and maintained in 400 mg/mL of G418.
Transfection and Dual Luciferase Assay
Crystal Violet Assay
For growth curves, 1 × 10 4 cells were seeded in 24-well plates. At every time point, culture medium was removed, cells were washed with 1 mL of 1.0× phosphate buffered saline (PBS), and 300 mL of crystal violet solution was added per well. After 10 min at 378C, crystal violet solution was removed and plates were washed with 1× PBS. Plates were left to dry overnight, and 500 mL of 1% sodium dodecyl sulfate in distilled water was added per well. Absorbance was then measured at 595 nm using a plate reader.
Enzyme-Linked Immunosorbent Assay
The cell supernatant, collected after 2 days of culture, was quantified for secreted WIF1 with a sandwich enzyme-linked immunosorbent assay (R&D System) following the manufacturer's instructions. Data were normalized to the cell number. For control experiments of small interfering WIF1 efficiency, the medium was collected after 3 days of culture, and data were normalized to protein content.
Colony Formation Assay in Soft Agar
Growth in soft agar was determined in 6-well plates containing 2 mL of 1% agar in complete medium as the bottom layer, and 1 mL of 0.4% agar in complete medium as the top layer. Cells, 1 × 10 4 and 2 × 10 3 , respectively, were seeded in triplicate. Cultures were maintained under standard conditions, and after 3 weeks the number of colonies was determined with an inverted phase-contrast microscope, where a group of .50 cells was scored as colony.
Nude Mouse Tumorigenicity Assay
Cells (7 × 10 6 ) were resuspended in Dulbecco's modified Eagle's medium and subcutaneously injected into the flanks of 6-to 9-week-old female Swiss nu/nu mice. Five mice per group were injected, and tumor size was measured weekly with a caliper. Tumor volume (mm 
Flow Cytometry Measurement of Cell Morphology
Cells were grown until confluence detached using a solution of 2 mM ethylenediaminetetraacetic acid in PBS and resuspended in PBS. Cell size was evaluated by forward scatter (FS) and side scatter (SS) analysis using a Beckman Coulter FC500 5-color analyzer. More than 1 × 10 4 events were counted for all samples. Thresholds for FS and SS were arbitrarily defined.
Histochemistry
Cells were seeded onto glass coverslips coated with poly-L-lysine and cultured until confluence. Cells were stained for the activity of SA-b-galactosidase using the b-Galactosidase Staining Kit (Biovision), following the manufacturer's instructions, and counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI). SA-b-galactosidase activity and nuclear morphology were visualized by bright field and fluorescence microscopy (Leica Leitz DMRB). Cells were scored in 10 randomly taken fields.
Results
Gene Expression -Based Prediction
Gene expression profiles obtained in our lab from 80 human glioblastoma samples 5 were used to infer underlying molecular alterations. Inspection of the chromosomal region encompassing CDK4 and MDM2 using an HMM predicted separate amplifications of these protooncogenes (Fig. 1A) , that is, no co-amplification comprising the genomic region in between. Although this 2-state HMM was not constructed to detect deleted loci, we had indications of several loci with very low average and low maximum posterior probability for the activated state, thus pointing to loci potentially targeted for expression silencing. The array comparative genomic hybridization (aCGH) data of this cohort (Shay and Lambiv, manuscript in preparation) confirmed the amplifications and indicated deleted loci at positions of low amplification probability (Fig. 1B) . The deleted locus in proximity to CDK4 was queried by a single Bacterial Artificial Chromosome (BAC) probe (RP11-97A6) in the aCGH data and was scored as deleted in 16 of 55 glioblastomas (29%). The minimal deleted locus in proximity to MDM2 affected 2 BACs (RP11-109L8 and RP11-18B8), spanning approximately 1.5 Mb and encompassing 6 known genes (WIF1, LEMD3, MSRB3, HMGA2, IRAK3, and HELB) (http://genome.ucsc.edu/; 2004 freeze, hg17). Deletion of this locus affected 7 of 69 (10%) glioblastomas. Of note, most samples with co-amplification of MDM2 and CDK4 exhibited a deletion of the genomic region between these 2 loci, suggesting a merged amplicon (Fig. 1C) . Hence, this interesting pathogenetic constellation combines amplification of 2 oncogenes plus deletion of putative tumor suppressor genes in a single event. This CNA pattern was confirmed in the database of The Cancer Genome Atlas (TCGA) 25 ( Supplementary Fig. S1 ). Among the potential candidate target genes, WIF1 showed the largest mRNA expression variation in this data set, and median WIF1 expression was significantly lower in glioblastoma than in 4 nonneoplastic brain tissues (P ¼ .001, 2-sample Wilcoxon test) (Fig. 1D) . The other genes exerted expression levels similar to those of normal brain tissue and/or showed relatively low variation in our data set. The low expression of WIF1 in glioblastoma was confirmed in all 5 independent glioblastoma data sets analyzed 26 -30 (Fig. 1E) . Furthermore, decreasing expression of WIF1 is associated with tumor grade in astrocytoma, as suggested by 2 independent data sets. 31, 32 WIF1 encodes a soluble Wnt pathway antagonist sequestering Wnt proteins, thereby inhibiting their function. 9 Since Wnt signaling is proto-oncogenic, 33 modulators/antagonists of Wnt signaling are good candidates for tumor suppressor functions.
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WIF1 is Silenced Both by Genomic Deletion and Promoter Hypermethylation
While expression data suggested low WIF1 expression in 76% of glioblastomas of our gene expression data set, corresponding analysis of the aCGH data showed hemizygous deletions at the WIF1 locus in only 10% (7/69), suggesting other mechanisms of silencing. Subsequent analysis of the WIF1 promoter by MSP revealed hypermethylation in 2 of 6 glioblastomas with hemizygous deletion, satisfying the 2-hit model of tumor suppressors. In an extended series of 110 glioblastomas, 26% exerted a methylated WIF1 promoter (Fig. 2) . WIF1 mutations have not been reported from glioblastoma (0/444), according to the Catalogue of Somatic Mutations in Cancer (COSMIC) database. 35 Interestingly, a significant association with methylation of the O6-methylguanine DNA-methyltransferase (MGMT) promoter was observed (P ¼ .004, 2-sided Fisher exact test). MGMT methylation is a known predictive factor for response to alkylating agent therapy in glioblastoma. 15, 36 The MGMT methylation status was available for 107 cases from previous studies, of which 56 were MGMT methylated (52%). The heat map visualizes the structure of the aCGH data shown in (B) for the genomic region encompassing 12q13 to 12q15 from 68 glioblastomas. The BACs are ordered by their genomic position, while the glioblastomas on the x-axis are ordered by similarity using Sorting Points into Neighborhood software. 57 Blue depicts deletion; red, amplification; and white, missing data. The color scale is truncated to [21, 1] for presentation.
The BAC corresponding to CDK4 is GS-561N1; for MDM2, CTB-136O14 (red); and for WIF1, RP11-18B8 (blue). (D) WIF1 expression (Affymetrix probe set 204712_at) in glioblastoma is significantly lower than in nonneoplastic brain tissues (P ¼ .001), as determined in our gene expression data set. of glioblastoma cell lines with the DNA demethylating agent 5-aza-cytidine for 96 h restored WIF1 expression (Fig. 3A) .
Modulation of WIF1 Expression Affects Wnt Pathway Activation
Wnt pathway activity was tested in a set of 7 glioblastoma cell lines using the TOP5/FOP5 Wnt signaling reporter system that investigates transactivation of the TCF responsive element (5 concatenated TCF binding sites) normalized to transactivation of the corresponding mutated binding sites (5 concatenated mutated TCF binding sites). Wnt pathway activity was present in all cell lines with low or no detectable WIF1 expression, while LN235 and LN992 showed no significant Wnt activity (TOP5/FOP5 ≤ 1), in accordance with high levels of endogenous WIF1 expression (Fig. 3A and B) . Given the role of WIF1 in regulation of Wnt signaling, and the prevalence of low WIF1 expression in glioblastoma, we first investigated the glioblastoma cell lines with endogenous Wnt pathway activity and asked if WIF1 overexpression translates into impaired Wnt signaling. Indeed, forced expression of WIF1 inhibited Wnt activity in a dose-dependent manner (Fig. 3C) .
Next we examined whether in the 2 cell lines with endogenous WIF1 expression and no Wnt signaling activity (LN992 and LN235, Fig. 3A and B) the pathway could be activated upon WIF1 silencing. Using siRNA to knock down WIF1 expression, we detected induction of Wnt signaling activity in both cell lines, in contrast to the controls with nontargeting siRNAs (Fig. 3D, Supplementary Fig. S2 ). Methylation-specific PCR (MSP) for WIF1 was performed via a nested approach using published primer sequences. 12 DNA isolated from peripheral blood lymphocytes (PBLs) and the colon cancer cell line SW48 served as controls for unmethylated (U) and methylated (M) WIF1 promoter status, respectively. Glioblastomas #2445, #2447, and #2448 contain a methylated WIF1 promoter, whereas the others harbor only an unmethylated gene promoter. 
WIF1 Expression Decreases Anchorage-Dependent and Anchorage-Independent Growth
We further investigated the biological effects of WIF1 in the glioblastoma cell lines LN319 and U87. Stably transfected cell clones were characterized for WIF1 expression and WIF1 secretion and their effect on cell growth ( Fig. 4A and B) . WIF1 overexpressing LN319 cells showed reduced Wnt pathway activity (P , .005) compared with the respective control cells (Fig. 4C) . The downregulation of the canonical pathway was also confirmed by measuring the expression of AXIN2, a prototypic Wnt target gene 41 (Fig. 4D) . The specificity of the observed effect on the Wnt pathway was determined by silencing of WIF1 by siRNAs. WIF1 knockdown indeed rescued transactivation of the TCF reporter in the ectopically expressing WIF1 LN319 cells, confirming that the detected attenuation of the Wnt pathway was indeed WIF1 dependent ( Fig. 4E  and F) . Glioblastoma cell lines LN229 and U87 were analyzed accordingly. While experiments in LN229 confirmed these results ( Supplementary Fig. S3 ), U87 cells became invariably resistant to ectopic WIF1 expression over time (passages 20 to 25), although initially sensitive (Fig. 3C) . In some cases, clones had lost or attenuated WIF1 expression/secretion, regardless of continued selection with G418 ( Supplementary Fig. S4A ). However, most clones gained Wnt pathway activity despite WIF1 expression and WIF1 secretion. Furthermore, cells were no longer sensitive to knockdown of WIF1 expression, reflected in no notable increase of pathway activity ( Supplementary Fig. S4B and C).
The WIF1-expressing cell clones were utilized to investigate the effect of WIF1-mediated downregulation of the Wnt pathway on proliferation. Anchorage-dependent Fig. 4 . LN319 cell clones stably transfected with WIF1 show reduced Wnt pathway signaling. Two stably transfected LN319 clones were analyzed for WIF1 expression by qRT-PCR (normalized to the control cells transfected with the empty vector, pcDNA3.1) (A) and WIF1 secretion by enzyme-linked immunosorbent assay (ELISA) (B). Wnt pathway signaling was measured both with the TCF luciferase reporter (TOP5/FOP5) and normalized to the control cells (C) and by measuring AXIN2 mRNA expression (D). The specificity of the WIF1-induced effects in the 2 clones was controlled by transfection of specific siRNAs against WIF1 or a respective scrambled control. Wnt pathway signaling was measured using the TCF reporter (E) and WIF1 secretion using ELISA (F). Results are marked with 1 asterisk (*) if P , .05 and 2 (**) if P , .01. Lambiv 
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NEURO-ONCOLOGY † J U L Y 2 0 1 1 proliferation measured over 3 days was significantly decreased (P , .005) in WIF1-overexpressing LN319 clones (Fig. 5A) . Even more striking results were obtained investigating the effects on anchorage-independent cell growth. The ability to form colonies in soft agar after 3 weeks of culture was indeed greatly reduced upon WIF1 overexpression (Fig. 5B and C) . During the soft agar experiment, we observed that WIF1-overexpressing clones were initially able to proliferate, forming very small clusters of cells, but then stopped dividing after a few days, potentially in response to increasing concentrations of secreted WIF1. In accordance, the colony formation potential was reduced in a WIF1 dose-dependent manner. The high expressing WIF1 clone LN319-WIF1_C2 displayed 90% fewer colonies, while in the intermediate clone LN319-WIF1_C6, the colony number was reduced by 63%. Similar results were obtained in LN229 ( Supplementary Fig. S3A -E) . In contrast, the corresponding experiments in WIF1 stably transduced U87 clones showed initially reduced growth potential that was lost at later passage (passage 4 vs passages 20 to 25) (Supplementary Fig. S4D and E), in line with the observed gain of resistance to WIF1 expression, as detailed above ( Supplementary Fig. S4B and C).
WIF1 Suppresses Tumorigenicity in a Xenograft Mouse Model
Ectopic expression of WIF1 in LN319 cells completely suppressed the inherent tumorigenicity of this glioblastoma cell line. While mice injected with control cells started to develop tumors 25 days after injection, no tumors were detectable in the mice injected with WIF1-expressing cell clones over the observation period of 100 days (Fig. 5D ). In contrast, the 2 tested WIF1-transduced U87 clones retained tumorigenicity similar to the vector control, in line with development of resistance to WIF1 in vitro. Altogether, these experiments suggest an important role of the Wnt pathway in the development of glioblastoma and a tumor suppressing function for WIF1.
WIF1 Overexpression Promotes a Senescence-like Proliferation Arrest
Observation of WIF1-overexpressing cells (LN319 and LN229) until confluence revealed a striking change in morphology. While control cells started to grow on top of each other without apparent contact inhibition, the WIF1-expressing cells displayed a phenotype reminiscent of senescent cells with increased cell size. Next we evaluated recognized markers for senescence, including enhanced granularity of the cytoplasm, appearance of multinucleated cells, and presence of senescence-associated b-galactosidase activity. 42, 43 Quantification of morphological changes was performed using fluorescence-activated cell sorting analysis.
Senescence-like cells were defined as: highly granulated cells ¼ high SS; big cells ¼ high FS. We detected an increased percentage of senescence-like cells in WIF1-transfected clones with a positive relationship to WIF1 secretion of the respective clones ( Fig. 6A and B, Supplementary Fig. S3F and G). Similar differences were observed upon double staining of the cells with SA-b-galactosidase and DAPI, which visualizes nuclear morphology. In the LN319-and LN229-derived WIF1-overexpressing clones, we scored an increased population of both multinucleated and SA-b-galactosidase positive cells (Fig. 6C-F) .
Discussion
Little is known about the role of the Wnt pathway in the malignant behavior of human glioblastoma. Using a combined genomics approach, we provided evidence that the Wnt antagonist WIF1 is targeted for silencing in glioblastoma, hence represents a good candidate tumor suppressor. In most glioblastomas, WIF1 silencing is mediated by genomic deletion, promoter hypermethylation, or both. A recent study supports a role for a deregulated Wnt pathway in malignant glioma, showing that additional Wnt pathway inhibitors are epigenetically inactivated, including the family of secreted frizzled-related proteins, dickkopf, and naked. 44 In contrast, mutations in b-catenin (CTNNB1) and APC are rare in glioblastoma (1/180 and 1/152; https://cma. nci.nih.gov/cma-tcga/geneView/index). 25 Here we demonstrated that forced WIF1 expression significantly reduced Wnt signaling in glioblastoma cell lines, while knockdown of WIF1 induced the pathway. This effect was paralleled by a WIF1 dose-dependent attenuation of cell proliferation in vitro, particularly striking for anchorage-independent growth, and associated with complete abrogation of tumorigenicity. However, the highly malignant glioblastoma cell line U87, although initially sensitive, escaped the effect by either suppressing ectopic expression of WIF1 or by becoming functionally resistant to WIF1 expression over time, restoring activation of the Wnt pathway. In ephitelial and mesenchymal tumors, a tumor suppressing role for WIF1 has been proposed. In gastrointestinal cancer cell lines, restoration of WIF1 expression was shown to reduce growth in vitro, 11 and in cell lines from human renal cell carcinoma, prostate cancer, and osteosarcoma WIF1 overexpression has been reported to inhibit tumor growth in vivo. 45 -47 Here, we propose a mechanism by which WIF1 overexpression may exert the growth-inhibiting effect. The WIF1-dependent emergence of enlarged, flattened cells associated with increased detection of SA-b-galactosidase positive, multinucleated cells suggests that WIF1 overexpression induces a senescencelike phenotype in glioblastoma cells. Wnt signaling is involved in diverse processes, from early embryonic patterning 34 to regulation of stem cell self-renewal and differentiation. 48, 49 Consequently, Wnt pathway dysregulation can dramatically alter differentiation and cell fate decisions. 50 Recently, Ye et al. 51 reported that downregulation of canonical Wnt signaling was directly associated with the onset of cell senescence in primary human cells. Indeed, in human primary fibroblasts, the process that leads to the formation of senescence-associated heterochromatin foci (SAHF), an early marker of senescence, was initiated upon activation of GSK3b, a key effector of the repressed Wnt signaling pathway. 52 This Wnt-dependent formation of SAHF is independent of the RB1 and TP53 pathways, 2 tumor suppressor pathways frequently inactivated in glioblastoma. Thus, induction of senescence via Wnt pathway inhibition may prove a promising therapeutic strategy.
The CNA patterns reported in this study have a most interesting feature: Most of the glioblastomas with a deletion at the WIF1 locus have concomitant high-level amplifications of the proto-oncogenes CDK4 and MDM2 (Fig. 1C) , probably organized extrachromosomally in double minutes. This may suggest that the CNAs of this CHR12q14-15 locus alone, combining co-amplification of CDK4 and MDM2 with deletion of the chromosomal region in between, subverts in 1 genetic event 2 important tumor suppressing pathways, the RB-and TP53-pathway, respectively, while simultaneously activating proto-oncogenic Wnt signaling (Fig. 7) . Of note, the RB1 and TP53 tumor suppressor pathways are themselves important effectors of senescence. This observation was confirmed in the large TCGA glioblastoma data set ( Supplementary Fig. S1 ) and underlines the need for concerted targeting of signaling pathways that cooperate in glioblastoma, including the Wnt pathway. Specific inhibitors for CDK4 and MDM2 are in clinical development. 53 Small molecule inhibitors targeting the Wnt pathway by novel mechanisms have been proposed recently. They comprise inhibitors of Wnt production by targeting Porcn, and inhibitors of Wnt response that stabilize Axin, promoting the association of b-catenin with the destruction complex, 54, 55 or b-catenin interaction disruptors The present study provides the rationale for investigating inhibitors of Wnt signaling in glioblastoma as a new avenue for individualized therapy. The addition of a Wnt pathway inhibitor to the current standard of care of combined radiochemotherapy with the alkylating agent temozolomide may improve outcomes particularly in patients whose tumors carry a methylated MGMT promoter, 15 due to the significant association with WIF1 methylation. However, the importance of the Wnt pathway that is interlinked with other mitogenic pathways may rapidly select for resistance in a corresponding single-agent therapy, as suggested by the experiments with the highly malignant glioblastoma cell line U87.
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